Abstract---YSZ is one of the most widely used substrates to grow oxide superconducting thin films. However, the large lattice mismatch and occurrence of intermediate layer often degrade the quality of grown films. We used a new buffer material, neodymium copper oxide (NdzCu04), to improve the quality of YBCO ultrathin films grown on YSZ. Good superconducting transitions have been obtained on these films with thickness 10-12 nanometers. Such a Nd2Cu04 layer has a stable crystal structure and behaves as an oxide semiconductor. At 77K, its resistivity is -40 times higher than t h a t of PrBaCuO, which has been commonly used as buffer layer and barrier material. The lattice mismatch between NdzCu04 and YBCO is much smaller than that between YSZ and YBCO. It allows highly epitaxial growth of YBCO without forming big defects and the intermediate layer. Measurements by using XRD, rocking curve, and cross-sectional TEM indicated that the crystallinity of YBCO films grown on NdZCuO4 buffer layer had been significantly improved. Besides, the smooth surface of Nd2Cu04 layer and buffered YBCO films are observed by SEM.
I. INTRODUCTION
Yttrium stabilized Zr02 (YSZ) is one of the most commonly used substrates to grow oxide superconducting thin films. However, the large lattice mismatching and occurrence of intermediate layer often degrade the quality of grown films [l] . The problems become more serious in the preparation of ultrathin films with a thickness of only a few unit cells. To improve the lattice matching and reduce the interaction between YBa2Cu30, (YBCO) and YSZ, we have utilized a new buffer material Nd2Cu04 (NCO) as buffer layer on YSZ substrates. High quality YBCO thin and ultrathin films with improved crystallinity and good superconducting properties have been successhlly fabricated. NCO material, behavior as a semiconductor, was first reported in 1973 [2] . Such a NCO material has a stable tetragonal structure with lattice constants a = 3.86 8, and c = 12.50 A. It behaves as a semiconductor and possesses a high resistivity. In particular the NCO layer can be grown under the deposition conditions similar to that for making YBCO thin films. Noteworthy, NCO is a parental material of the hole-carrier and electron-carrier superconductors, such as Nd2Cu04-,F, and Nd2.,Ce,Cu04, although NCO itself is nonsuperconductive [3] , [4] . The nature of NCO buffer layer, growth of NCO and YBCO films, and their structural and electric properties will be discussed in this paper. 
EXPERIMENT
All YBCO thin films and NCO buffer layers were fabricated by using an off-axis rf-magnetron sputter technique [5] , [ 6 ] . (100) YSZ single crystal has been used as substrate. Sintered stoichiometric YBCO ceramics disc with a diameter of 50 mm and thickness -4 mm was used as sputter target. The chamber was evacuated to pressure less than 5~1 0 -~ mbar before the sputtering. A mixture of argon and oxygen with a ratio of Ar/02-3:1 was used as sputter gas. During deposition process, the total sputter pressure was kept at 0.1-0.2 mbar. Rf-power of 70 W was applied on the cathode, generating a power density -3.6 W/cm2. The substrate temperature for growing NCO and YBCO were 780 "C and 750 OC, respectively. These substrate temperatures were determined by a k-type thermocouple inserted into the heater.
NCO-buffered YBCO thin and ultrathin films were characterized by using x-ray diffraction, transmission electron microscope, scanning electron microscopy, standard fourprobe measurement etc. The thickness of the film was determined by a Dektak3ST surface step profiler. The average height of the step is defined as the film thickness. To facilitate the surface scan of profiler accurately, the well-defined and very sharp steps of micro-bridge were patterned by using photolithography technique.
RESULT AND DISCUSSION
Under the deposition conditions described above, both NCO buffer layer and YBCO film are grown with the c-axis orientation. The typical X-ray spectrum of our YBCO films During the deposition of NCO, the substrate temperature was slightly increased to 780OC since a higher temperature can significantly suppress the undesirable (1 03)-orientation of NCO. The fill width half maximum (FWHM) of the rocking curves of the (005) peak of YBCO was measured <0.35", indicating a highly epitaxy and good crystal structure of the grown films with the NCO buffer layer. For a buffer material a smooth film surface is a prerequisite to firther grow YBCO thin and ultrathin films. A good surface morphology is a very desirable property for choosing NCO as the buffer layer. A typical SEM image of a NCO buffer layer on YSZ with the magnification of 20K is shown in Fig. 2a . The layer is quite flat and smooth over a large area. No big surface structures can be found except some small droplets with a typical size -0.3 pm. These droplets could be identified as the copper-rich phase of NCO material by Energy Dispersive X-ray Analysis (EDAX). Investigated by using a surface step profiler the average surface roughness is found being about a few nanometers. The thickness of this NCO film is TO5 nm. Usually with such a value of f i l m thickness the surface of YBCO or other materials like PrBa2Cu30, will become much rough and many outgrowths could be formed.
Usually the surface morphology of the film grown on a buffered substrate is poor in comparing with those directly grown on bare substrates. However, our YBCO thin films made on the NCO buffered YSZ still show a very smooth surface. To explore the quality of epitaxy and the microstructure in these films, cross sectional transmission electron microscope (XTEM) study was carried out. The details of preparation of XTEM samples have been described earlier [8] . Fig. 3 shows an image of a 5-unit-cell YBCO ultrathin film sandwiched by NCO films on a YSZ substrate. A thin layer of NCO was grown onto the YBCO to protect the sample from surface damage by the mechanical sample processing for the crosssectional TEM studies. Our ultrathin film sample were milled at room temperature. As can be seen in the XTEM picture, the YBCO ultrathin film grown on the NCO buffer layer is highly epitaxially. The film thickness of YBCO is only 6 nm, about 5 unit cells. The NCO buffer and protect layers are about 10 nm and 6 nm, respectively. Three layers are marked separately. The brightest dots correspond to the Cu between BaO planes. The parallel lines of the spots are along a-direction of YBCO. From the image we estimate that the spatial differences between two bright lines are -1.2nm, i.e. the c-lattice constant of YBCO. The continuous CuO planes with length longer that 200 nm observed by TEM indicate the superior crystal structure of the buffered ultrathin film sample. Even at this very early growth stage, our YBCO film has already formed a continuous layer. It underlines the excellent growth of our YBCO ultrathin films on NCO buffered YSZ.
In contrast, the ultrathin films grown on YSZ without a buffer showed relatively poor crystallinity. Various defects, like secondary phases and Ba-depletion of YBCO, could be formed due to the chemical formation of the intermediate layer material (BaZrO,) [I] . In our case, the chemical interaction between the YBCO film and YSZ has been buffered by the NCO layer. A clear interface between NCO and YSZ can be seen in the TEM image. NCO is also chemically compatible with YBCO. The interface between YBCO and NCO is sharp and hardly any interaction could be observed. Although a trifling interdifision might take place at the interface, mainly the Nd3' replaces Y3+, it would not result in any detrimental effect. Obviously, the use of the NCO buffer layer has significantly improved the growth of the YBCO layer The NCO material is known as a semiconductor, similar to PrBa2Cu30x. The temperature dependence of its resistivity is compared with that of a PrBa2Cu3OX film in Fig. 4 . At the boiling point of liquid nitrogen the resistivity of NCO and PBCO are 250 and 7 mCbcrn, respectively. In other words, the resistivity of NCO is -40 times larger than that of PBCO thin films. Moreover, the increasing rate of resistivity with temperature of NCO is much faster than that of PrBa2CusOx. Even at room temperature the resistivity of NCO layer is about 700 times higher than that of YBCO. Thus the influence of the NCO buffer layer is negligible in most electric measurements. The very high resistivity of NCO makes it superior to PBCO for the applications as a buffer layer or a barrier material. Since the resistivity of these oxide materials can be affected by oxygen contents, both materials are deposited under similar conditions for this comparison.
The direct effect of inserting a buffer layer between YBCO and YSZ is to block their interaction and reduce the lattice mismatching. A question raised is what is the minimum thickness of the NCO layer needed to efficiently block the interaction? From our experiments we found that a 10 nm NCO layer can sufficiently buffer the interaction between YBCO and YSZ. As revealed by the XTEM image shown in Fig. 3 , no intermediate layer was formed at the substrate interface, The structural strain caused by the lattice mismatching was studied by electron backscatter diffraction (EBSD). It was found that the strain was remarkably reduced in the buffered YBCO films, even with a very thin NCO intermediate layer. As the deposition rate of the NCO material is much lower than that of YBCO, for most of our samples we used a 10 nm NCO layer as the buffer. Our aim in this work is to improve the growth of YBCO ultra thin films by using such a new buffer layer. The influence of the film thickness of YBCO on their superconducting properties has been systemically studied. In Fig. 5 the transition temperature and the ratio of the resistance at 300 K and 100 K (RRR) is plotted against the YBCO layer thickness. All samples presented in this figure were deposited on a 10 nm NCO buffer layer. It can be seen that there is no significant degradation of superconductivity for YBCO films down to 12 nm. The films showed a strong metallic behavior. The typical superconducting transition curves of these YBCO ultrathin films are given in Fig. 6 . By using a NCO buffer, IV. CONCLUSION (00l)oriented YBCO thin and ultrathin films are grown on the YSZ substrates with (002l)oriented NCO thin buffer layers. Such a NCO buffer layer possesses a stablr: structure, which does not react with the YSZ form a BaZrOl intermediate layer, and results in a very smooth (surface. In addition, its close lattice matching with YBCO and high resistivity make the NCO material promising for application:; like buffer and barrier materials. It has been found that a 10 nm NCO layer is sufficient to buffer the interaction between YBCO and YSZ substrate. The crystallinity and epitaxy OF the buffered YBCO is significantly improved and good superconducting properties, such as T, and J,(77 K), remain.
